. Whole cell patchclamp recordings were performed in GABAergic interneurons labeled by green fluorescent protein (GFP) in the lateral amygdala (LA) in vitro from glutamic acid decarboxylase 67 (GAD67)-GFP mice. Neurons were characterized by electrotonic and electrogenic parameters. Cytoplasm was collected from individual neurons, and single-cell RT-PCR was used for detection of molecular markers typifying LA interneurons. Hierarchical cluster and multiple discriminant analysis demonstrated the existence of five types of GABAergic interneurons, which can be reliably identified through electrophysiological criteria. Action potentials were of a short duration followed by pronounced fast afterhyperpolarization (AHP) in interneurons of all types, except for type V, which generated broad action potentials and displayed typical spike bursts at the beginning of depolarizing stimuli and prominent anomalous inward rectification. Interneurons of type I and II generated series of action potentials with frequency adaptation on maintained depolarizing current stimulation with overall frequencies at high levels and presented delayed firing, stuttering or fast-spiking behavior. Further distinguishing features of type II interneurons were a medium AHP following spike trains and pronounced anomalous inward rectification. Types III and IV of neurons fired regularly, whereas type IV displayed no prominent spike frequency adaptation. Additionally, interneurons of all five types contained mRNA of glutamic acid decarboxylase 65 and cholecystokinin, whereas only type I interneurons were somatostatin-positive. Overall, these data represent a detailed and reliable classification scheme of LA GABAergic interneurons and will provide a feasible basis for subsequent functional studies.
I N T R O D U C T I O N
GABAergic transmission plays a crucial role for the functional integrity of amygdaloid nuclei under both physiological and pathophysiological conditions (for review, see Ehrlich et al. 2009; Pape and Paré 2010) . GABAergic neurons of the amygdala can be grouped into two major populations: local interneurons that are scattered within the local neuropil (McDonald 1982) and neurons that are concentrated in intercalated cell clusters in paracapsular sheets (Marowsky et al. 2005; Nitecka and Ben-Ari 1987) . In the lateral and basolateral amygdala (BLA), local interneurons comprise only ϳ25% of the overall population (McDonald and Augustine 1993; Paré and Smith 1993) , but nevertheless critically determine the level of excitability and responsiveness of projection neurons through both feedforward and -back synaptic connections (Mahanty and Sah 1998; Szinyei et al. 2000; Woodruff et al. 2006) .
A number of principles have been proposed in an attempt to separate and classify various types of interneurons in the cerebral cortex (Ascoli et al. 2008) . The classical approach through immunocytochemical staining for the presence of calcium binding proteins and neuropeptides in the rat BLA yielded evidence of parvalbumin (PV)-positive neurons, which also expressed calbindin (CB); somatostatin (SOM)-positive neurons, many of which were CB-positive; large cholecystokinin (CCK)-positive neurons, some of which were CB-positive; and small CCK-positive neurons that exhibited various colocalization with vasoactive intestinal peptide (VIP), and calretinin (CR) (Mascagni and McDonald 2003; McDonald and Betette 2001; McDonald and Mascagni 2001, 2002) . A subsequent study revealed electrophysiological differences between these interneurons (Rainnie et al. 2006) . Unsupervised cluster analysis based on electrophysiological and molecular markers provided a first classification scheme of subpopulations of putative projection neurons (PN) and interneurons in the rat LA (Sosulina et al. 2006) . With the advent of mice expressing green fluorescent protein (GFP) under the control of specific promoters, such as the PV promoter (Meyer et al. 2002; Woodruff and Sah 2007) or a lentiviral vector expressing GFP under the control of a CCK promoter (Jasnow et al. 2009 ), the respective subpopulations of neurons have been identified and specific types been described based on intrinsic properties and synaptic interconnectivity detected in BLA and LA in vitro. While PV and CCK neurons comprise only a subgroup of GABAergic local interneurons, a reliable and near-complete labeling of GABAergic neurons has been obtained in glutamic acid decarboxylase 67 (GAD67)-GFP (⌬neo) mice (Tamamaki et al. 2003) . One study making use of these mice has indicated that three types of interneurons may exist in BLA, only one of which was responsive to noradrenaline, although no further attempt of a detailed classification has been made (Kaneko et al. 2008) . More recently, the same line of mice has been used to investigate target-cell-specific control of glutamatergic release in amygdala PNs (Pan et al. 2009 ).
The present study was performed to characterize in detail the interneurons in the mouse LA by using GAD67-GFP (⌬neo) mice (termed GAD67-GFP in the following), relying on electrophysiological properties and molecular markers that were proven to differentiate interneuronal populations in previous studies (Hormuzdi et al. 2001; Mascagni and McDonald 2003) and developing a classification scheme based on unsupervised cluster and discriminant analyses (Jasnow et al. 2009) .
M E T H O D S

Preparation of slices
All experiments were carried out in accordance with the European Committees Council Directive (86/609/EEC). Protocols were ap-proved by the Bezirksregierung Münster (AZ 50.0835.1.0, G 53/ 2005) . GAD67-GFP male mice [postnatal days (P) 21-54] were anesthetized with forene (isofluran, 1-chloro-2,2,2-trifluoroethyl-difluoromethylether) and decapitated. More than 80% of the GAD67-GFP mice taken for the experiments were aged between 27 and 37 days. A block of brain tissue including the amygdala was rapidly removed and transferred into chilled artificial cerebrospinal fluid (ACSF) containing (in mM) 120 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 22 NaHCO 3 , 2 MgSO 4 , 2 CaCl 2 , and 10 glucose bubbled with carbogen (95% O 2 -5% CO 2 , pH 7,3). Coronal slices (250 -300 m thick) were prepared on a vibratome (Series 1000, Warner Instruments), incubated in ACSF at 33°C for 20 min and thereafter stored for Յ10 h at room temperature (20 -24°C). Single slices were placed in a submersion chamber which was perfused with ACSF (30 Ϯ 2°C) at ϳ2 ml/min.
Electrophysiological recordings
LA neurons were identified using differential interference contrast infrared videomicroscopy (S/W-camera CF8/1, Kappa, Gleichen, Germany). GAD67-GFP-expressing neurons were identified by fluorescent microscopy (Axioskop 2 FS, Zeiss, Germany). Whole cell patchclamp recordings (Hamill et al. 1981) were carried out using a patch-clamp amplifier (EPC-7, List Medical Systems, Darmstadt, Germany). Patch pipettes consisting of borosilicate glass (GC150T-10, Harvard Apparatus, Edenbridge, UK) were pulled to resistances of 2.5-4 M⍀ using a pipette puller (PA-10, E.S.F. Electronic, Göttingen, Germany). Pipette solution contained (in mM) 95 Kgluconate, 20 K 3 citrate, 10 NaCl, 10 HEPES, 1 MgCl 2 , 0.1 CaCl 2 , 1.1 EGTA, 3 MgATP, and 0.5 NaGTP (pH 7.2 with KOH, HCl). Access resistance amounted to ϳ4 -9.5 M⍀. Correction for a liquid junction potential of 10 mV was applied. Recordings were low-pass filtered at 3 kHz (8-pole Bessel filter) at a sampling rate of 10 kHz. Stimulus generation and data acquisition were performed using pClamp 8.1 operating via a Digidata 1322A interface board (Axon Instruments, Foster City, CA) on a PC. Data were analyzed off-line using Clampfit software (Axon Instruments) and Mini Analysis Program (Synaptosoft).
Resting membrane potential was measured immediately after establishing the whole cell configuration. Neurons with a resting membrane potential more positive than -55 mV and nonovershooting action potentials were discarded. After applying a set of hyper-and depolarizing stimuli (from -10 to ϩ100 pA in increments of 10 pA), the membrane potential was adjusted to Ϫ60 mV by continuous current injection. Electrogenic membrane properties were assessed for a 1 s direct current injection of ϩ50 to ϩ250 and Ϫ50 to Ϫ130 pA. The following electrophysiological parameters were considered in particular: 1) resting membrane potential (RMP), 2) input resistance (IR), 3) half-width of the first action potential (HW1) at ϩ100 pA, 4) sag ratio during hyperpolarizing membrane responses calculated from Ϫ60 mV as the difference between the steady-state membrane potential at the end of a 1 s hyperpolarizing step (Ϫ130 pA) and the most negative membrane potential at the beginning of the step, divided by the most negative value of the membrane potential, 5) fast afterhyperpolarization (fAHP), 6) medium afterhyperpolarization (mAHP) measured at ϩ250 pA current injection, 7) spike threshold (Threshold), 8) spike amplitude (Amplitude) (Jasnow et al. 2009 ), 9) early and 10) late adaptation were calculated according to (f initial Ϫ f 200 )/ f initial and (f 200 Ϫ f final )/f initial , respectively (Cauli et al. 1997) , using instantaneous frequency values, measured by application of 1 s depolarizing current pulses (sampling rate, 10 kHz) and determined by quantifying the time elapsed between two consecutive action potentials and plotting the reciprocal value as a function of time for ϩ100 pA current injection. This value of injected current was chosen because the largest part of interneurons displayed repetitive firing behavior around ϩ100 pA current injection, and saturation of the frequencies-current relationships has been observed at higher current injections (Halabisky et al. 2006; Szinyei et al. 2000) .
Cell harvesting and single-cell RT-PCR
The protocols of cell harvesting from individual, electrophysiologically characterized neurons were similar to those described previously (Schröder et al. 2002) . Two different protocols for the RT reaction were performed in a final volume of 10 l making use of Sensiscript reverse transcriptase (Qiagen) (Schröder et al. 2002; Sosulina et al. 2006) and Superscript Reverse Transcriptase III (Invitrogen, Karlsruhe, Germany) .
After performing single-strand cDNA synthesis, a multiplex tworound single-cell PCR was carried out for simultaneous detection of GAD65, CB, PV, CR, SOM, VIP, CCK, and connexin 36 (Cx36). The first PCR was started after adding PCR buffer, MgCl 2 (2.5 mM) and primers (200 nM each) to the RT product (final volume, 50 l). Primers used are described in Table S1 .
1 The oligonucleotides were synthesized by Eurogentec (Cologne, Germany) and Invitrogen and amplification was performed on a thermal cycler (GeneAmp PCR System 9700, Applied Biosystems). After denaturation, 3.5 U Taq polymerase (Invitrogen) were added (hot start). Forty-five cycles were performed (denaturation at 94°C, 25 s; annealing at 51°C, 2 min for the 1st 5 cycles, and 45 s for the remaining cycles; extension at 72°C, 60 s; final elongation at 72°C, 7 min). For the second amplification round, 3 l of the product from the first amplification was used as a template and nested primer pairs were added (Table S1 ). Thirty-five cycles of the following thermal programs were used: denaturation at 94°C; 25 s; annealing at 54°C 2 min for the 1st 5 cycles, and 45 s for the remaining cycles; extension at 72°C, 30 s; final elongation at 72°C, 7 min. The conditions were the same as described for the first round, but dNTPs (4 ϫ 50 M) and Platinum Taq polymerase (1.25 U; Invitrogen) were added. Products were identified with gel electrophoresis using a molecular weight marker (pUC19/MspI, Carl Roth GmbH, Karlsruhe, Germany).
To quantify molecular data, the presence of PCR product was digitized by 1 and its absence was digitized by 0. The lack of detected mRNA in 45% of cells could be explained by two possibilities: degradation of mRNA during recording and collection (false-negative results) or real lack of tested mRNA. To reduce the occurrence of the first possibility, the recording time was kept ϳ15 min .
Controls for RT and PCR amplification
Total RNA was prepared from freshly isolated mouse amygdala (P23, n ϭ 3) using guanidinium isothiocyanate and phenol (Trizol, Life Technologies). For optimization, a two round RT-PCR was performed with dilutions of total RNA in the concentration range 20 ng to 200 pg and primers as described in the preceding text. The PCR primers used in the present work were designed to amplify cDNA regions spanning at least one intron to prevent amplification of genomic DNA (Liss and Roeper 2004) . Under these conditions, subsequent gel analysis did not detect unspecific products. As a negative control, the reverse transcriptase was omitted in the RT step or by using bath solution instead of cell cytoplasm. All individual PCR products were verified by direct sequencing (SEQLAB, Sequence Laboratories Göttingen GmbH).
Statistical analysis
To classify GABAergic interneurons, unsupervised clustering (Cauli et al. 2000; Jasnow et al. 2009; Sosulina et al. 2006 ) was performed by using squared Euclidean distances and Ward's method linkage rules (Ward 1963) . Euclidean distance represents the geometric distance in the multidimensional space. Squared Euclidean distances were used to place progressively greater weight on objects that are further apart. This method makes no assumption about the distribution of the data and is distinct from all other clustering methods because it uses an ANOVA approach to evaluate the distances between clusters. The parameters for the cluster analysis have been chosen based on their lack of linear correlation with each other and in agreement with data obtained for classification of CCK positive neurons in the mouse BLA (Jasnow et al. 2009 ). The following electrophysiological parameters were included into analysis: resting membrane potential, input resistance, half-width of the first action potential, sag ratio, early and late adaptation, threshold, fAHP, amplitude, mAHP. Initial frequency (f initial ) and intermediate frequency (f 200 ) as well as final frequency (f final ) were excluded from the parameters for cluster analysis because of their linear correlation with spike frequency adaptations. Before clustering, electrophysiological parameters were converted into standardized z-scores. Expression of molecular markers was not included in the present paper as parameter for hierarchical clustering due to mathematical reasons. In particular, a z-score standardization procedure has been applied to gradual electrophysiological parameters, which cannot be applied to binary molecular data. Moreover, electrophysiological parameters have proven in various studies to be reliable and sufficient parameters to distinguish between different classes of interneurons (Halabisky et al. 2006; Jasnow et al. 2009; Sosulina et al. 2006 ). Therefore we decided to consider data from single-cell RT-PCR experiments in a parallel line as a complement to the functional data.
To define the final cluster number, the Thorndike procedure (Thorndike 1953) was performed. Briefly, the average within-cluster distance was plotted at each stage of the clustering process, resulting in a decrease in the average within-cluster distance as the number of clusters increases. The largest within-cluster distance is commonly used as critical to distinguish the number of clusters (Halabisky et al. 2006; Helmstaedter et al. 2009 ). Application to our data yielded identification of two or three clusters. The possibility of existence of three types of interneurons was considered carefully during preparation of the manuscript; however, post hoc analysis brought us to the conclusion that separating interneurons into only three groups would mask important electrophysiological differences, which can be seen by separating interneurons into five groups. Another way of calculating the theoretical number of groups in a clustering procedure is to plot the distance coefficients depending on the clustering step and to look for the point where the slope changes. This method would yield seven groups. Indeed, we observed seven groups in total in our study, but two branches (1 and 5 cells) of the dendrogramm were taken out of the classification scheme due to small number of cells, leaving the final five groups (or cell types). As mentioned in the Thorndike clustering original manuscript (Thorndike 1953) , one needs to take into account practical considerations and apply multiple discriminant analysis (MDA). Therefore MDA was carried out to estimate the contribution of different electrophysiological parameters to the group membership. Further, leave-one-out cross-validation procedure was finally applied to validate the discriminant functions.
A one-way ANOVA was performed to determine statistical significant parameters among determined clusters with a post hoc Bonferroni test for comparisons across multiple groups. Differences were considered statistically significant for P Յ 0.05.
Pearson correlation coefficients were calculated among mRNA expression for all molecular markers.
All statistical analysis, including hierarchical cluster analysis, ANOVA and MDA were performed using SPSS 15.0 for Windows software (SPSS, Chicago, IL). Data are presented as means Ϯ SE.
R E S U L T S
Identification and classification of GABAergic LA interneurons
GAD67-GFP mice (Tamamaki et al. 2003 ) yield a most reliable labeling of GABAergic neurons as revealed by colocalization of GFP and GABA-immunopositive reaction in morphologically diverse nonpyramidal cells in the amygdala (Kaneko et al. 2008) . In LA slices, cell bodies and dendrites of GFP-labeled neurons were easily detectable by fluorescent microscopy, and we refer to them as GABAergic interneurons in the following. Local GABAergic interneurons, with cell bodies scattered within the local LA neuropil, could be easily distinguished from intercalated clusters of GABAergic neurons, which formed lateral and medial paracapsular cell groups situated dorsolateral and medial to the LA (Jüngling et al. 2008; Marowsky et al. 2005) . Recordings of the present study were exclusively obtained from neurons within the LA.
Whole cell patch-clamp recordings in vitro were performed in a total of 116 neurons in the LA from GAD67-GFP mice in current-clamp mode, comprising 101 GABAergic interneurons and 15 nonlabeled cells (putative projection neurons). Of those, 83 GFP-labeled cells yielded data on all electrophysiological variables and hence were used for hierarchical cluster analysis. The following parameters were determined: resting membrane potential, input resistance, half-width of action potential, spike threshold and amplitude, fast and medium spike AHP, spike frequency adaptation (early and late components), and sag ratio (see Electrophysiological recordings). The cluster analysis yielded a dendrogram ( Fig. 1 ) that demonstrates the squared Euclidian distance between group centroids of each cluster. Analyses of within-and betweengroup Euclidian distances indicated five clusters of GABAergic interneurons, corresponding to five branches in the dendrogram (Fig. 1) . We have tentatively termed these interneurons as type I to V interneurons. Two branches of the dendrogram were not considered as separate types of interneurons because of the small number of cells within this group (n ϭ 1 and n ϭ 5). Electrophysiological properties of each class are summarized in Table 1 and described in more detail in the following section. An ANOVA analysis was performed for identification of significant differences between electrophysiological parameters among the five types of interneurons, for comparison with the group of non-GFP-labeled neurons, and for validation of the clustering algorithm. The properties of the non-GFP-labeled neurons, putative projection neurons (Table 1) , were clearly distinct from the GABAergic interneurons and resembled those previously described for projection neurons in the LA (Faber et al. 2001; Jasnow et al. 2009; Kaneko et al. 2008) .
Electrophysiological characteristics of five classes of LA interneurons
For the five defined types of interneurons, electrophysiological parameters are summarized in Table 1 and illustrated in Figs. 2 and 3. A characteristic feature of GABAergic interneurons was the short duration of action potentials, which characterized types I-IV (Fig. 2B) . Type V interneurons (n ϭ 10) were significantly different [F(5,92) ϭ 15.4 P Ͻ 0.01] in that they generated broad action potentials similar to those in putative projection neurons (n ϭ 15). Furthermore the fast AHP (fAHP) following an action potential was similarly small in type V interneurons and projection neurons, whereas all other types of interneurons produced fAHPs of significantly higher amplitude [F(5,92) ϭ 25.6 P Ͻ 0.01]. Different from projection neurons, however, type V interneurons displayed prominent anomalous inward rec-tification on membrane hyperpolarization (Fig. 3 ), fired at higher frequencies, generated spike bursts at the beginning of depolarizing stimuli ( Fig. 2A, inset) and possessed a higher membrane input resistance amounting to 419 Ϯ 57.9 M⍀ (Table  1) [F(5,92) ϭ 3.6 P Ͻ 0.01].
A feature characterizing different types of interneurons was the pattern of action potentials generated on maintained depolarization. Examples are illustrated in Fig. 2A , and spike frequencies at various times during maintained depolarization are shown in Fig. 2C . Depolarization (through direct current injection) was evoked from the same membrane potential (Ϫ60 mV) in types of neurons for quantitative comparison. It is important to note that spike frequencies were not included in unsupervised cluster analyses because of their linear correlation with spike frequency adaptation and action potential duration (see Statistical analysis). Series of action potentials evoked in type I interneurons were characterized by delayed onset to firing (n ϭ 9/23; Fig. 2A ) and irregular "stuttering" patterns (n ϭ 7/23; A, inset), while regular firing patterns were observed in a minority of cells (n ϭ 4/23). Type II interneurons (n ϭ 14/14) generated high-frequency series of action potentials (n ϭ 14), thereby resembling the previous general scheme of GABAergic fast-spiking interneurons in LA (Sah and Lopez de Armentia 2003; Szinyei et al. 2003; Woodruff and Sah 2007) . In type V interneurons, an initial high-frequency burst of discharges occurred on membrane depolarization from rest or on relief from membrane hyperpolarization in a majority of cells (n ϭ 8/10). Type IV interneurons (n ϭ 14) differed from other types of interneurons by low spike frequencies and a low level of spike frequency adaptation. Types I and II displayed high initial frequencies with pronounced early frequency adaptation in comparison to type IV interneurons (Table 1 ; Fig.  2C ). In general, the degree of spike frequency adaptation was significantly different between types of interneurons and PNs Of the other parameters investigated, interneurons of type II displayed a characteristic pronounced medium AHP (mAHP) on spike termination that distinguished them from the other types of interneurons as well as from PNs [F(5,92) ϭ 12 P Ͻ 0.01; Fig. 2A, inset] . Additionally, type II as well as type V interneurons displayed prominent anomalous inward rectification (Fig. 3) . Further, type II and III possessed a more positive resting membrane potential compared with other types of interneurons as well as projection neurons [F(5,92) ϭ 23.7 P Ͻ 0.01; Table 1 ]. Besides depolarized values of the resting membrane potential, type III interneurons were distinct from type I and II by a positive shift in spike threshold values (Table 1) . Finally, type IV interneurons generated action potentials of small amplitude compared with other types of LA neurons [F(5,92) ϭ 7.3 P Ͻ 0.01; Table 1 ]. A summary of distinctive features of all five types of LA interneurons is presented in Table S3 , adapting as closely as possible the Petilla scheme established for GABAergic interneurons of the cerebral cortex (Ascoli et al. 2008 ).
Multivariate analysis of classes of LA interneurons
In a next step, MDA was performed to identify the parameters critically distinguishing between the different classes of interneurons (Halabisky et al. 2006; Jasnow et al. 2009 ). The advantage of MDA is that an algorithm is generated that predicts the group membership of a newly encountered cell without performing additional clustering. The five types of interneurons predicted by hierarchical cluster analysis and 10 of the electrophysiological parameters (see Statistical analysis) were used for MDA, yielding four discriminant functions (n Ϫ 1, where n is the number of groups). All four functions significantly contributed to the prediction of group membership (Wilk's lambda, P Ͻ 0.01, eigenvalues 4.9, 1.9, 1.2, 0.59, for functions 1-4 accordingly), although the first two accounted for ϳ80% of the variance (function 1 accounted for 57.4%; function 2, 22.3%). The unstandardized discriminant function coefficients are summarized in Table 2 , and the contribution of variables to each discriminant function is presented in a structure matrix in Table 3 where the structure coefficients, also called structure correlations, represented by the correlations between a given independent variable and the discriminant scores associated with a given discriminant function (Garson 
FIG. 2. The 5 types (types I-V) of interneurons as distinguished by electrophysiological parameters and hierarchical cluster analysis.
A: original traces obtained in response to a depolarizing current step (ϩ100 pA) from Ϫ60 mV, scale bars: 20 mV; 500 ms. First inset for type I interneuron: an example of delayed onset to firing behavior that was pronounced at resting membrane potential (Ϫ72 mV). Second inset: stutter firing behavior of an other type I interneuron obtained in response to a depolarizing current step (ϩ100 pA) from Ϫ60 mV. Inset for type II interneuron: fast-firing spiking pattern as well as pronounced medium afterhyperpolarization (mAHP). Type III and IV interneurons fire predominantly regular spikes with early (type III) or without (type IV) adaptation. Half of the type V interneurons (n ϭ 5) showed burst-like firing at the beginning of the response to a depolarizing current step that was more pronounced at resting membrane potential (1st inset for type V interneuron). Second inset: a typical burst rebound appearing after a hyperpolarizing step (Ϫ70 pA) applied from Ϫ60 mV. Scale bars for insets: 20 mV; 500 ms. B: single action potentials elicited by near-threshold depolarizing current injection, scale bars: 20 mV; 2 ms. Type V interneurons characterized by broad action potentials. This parameter distinguishes this group from all the other types of interneurons. C: instantaneous spike frequency at various times during maintained current steps applied from Ϫ60 mV at various current strengths (as indicated). The different types of interneurons differ in firing frequencies as well as in adaptation.
2010). The segregation of the different types of interneurons through two discriminant functions is illustrated in Fig. 4 . Critical parameters to distinguish between interneurons were the fast AHP in the first discriminant function and early spike frequency adaptation and input resistance in the second function. The first two discriminant functions correspond to ϳ80% of the variance. Two additional functions were created with the third discriminating function involving resting membrane potential, spike half-width, and spike threshold, and the fourth discriminating function involving mAHP, sag ratio, spike amplitude and late spike frequency adaptation. To validate the MDA, a leave-one-out-validation algorithm was applied next (Halabisky et al. 2006; Jasnow et al. 2009 ). This procedure is based on the analysis of the stability of the discriminant functions by omitting one cell from the whole population und estimating the functions' stability. This cross-validation algorithm determined that 91% of the cells were correctly classified, confirming the relative robustness of the discriminant functions. As a result, electrophysiological parameters allow distinction among five types of LA interneurons, and this segregation is a rather stable one as indicated by MDA and cross-validation analysis.
Expression of molecular markers in classes of LA interneurons
After electrophysiological recording of individual GABAergic interneurons, the cytoplasm was collected into the recording pipette and single-cell RT-PCR was performed for detection of the following eight molecular markers: GAD65, CB, PV, CR, SOM, VIP, CCK, Cx36. A total of 55 interneurons expressed at least one of the molecular marker tested. In particular, mRNA of GAD65 was detected in 32 interneurons, mRNA of CB in 6, PV in 6, CR in 4; SOM in 9, VIP in 8, CCK in 16; Cx36 in 9 interneurons. Gene co-expression pattern was manifold. Pearson correlation analysis revealed that expression of mRNA for CB was positively correlated with the presence of parvalbumin mRNA (r ϭ 0.626, P Ͻ 0.01) and Cx36 mRNA (r ϭ 0.318, P Ͻ 0.05). No other positive or negative correlations were detected. The next step was to assess whether the five types of interneurons showed different expression patterns. Forty GABAergic interneurons, of 78 classified according to their electrophysiological profile (see preceding text), contained mRNA of at least one of the tested molecular marker and were analyzed for type-specific expression. Of those, 62.5% contained mRNA of GAD65; 12.5% contained mRNA of CB; 15% -mRNA of PV; 2.5% -mRNA of CR; 15% -mRNA of SOM; 5% -mRNA of VIP; 32.5% -mRNA of CCK; 12.5% -mRNA of Cx36. Summarized expression profiles for the five types of interneurons are illustrated in Fig. 5 and individual coexpression data presented in supplementary Table S2 .
Interestingly, mRNA of SOM was detected exclusively in type I interneurons (Fig. 5) . Type I interneurons showed mRNA of CB, PV, Cx36, VIP, and CCK. GAD65 mRNA was found to be pronounced in every type of interneurons and reached 50 -80% depending on the interneuronal type. mRNA of CCK was detected also in all five types of interneurons, but the percentage of positive cells varied from 17% for type I interneurons, showing delayed firing, to reach 50% for regular nonadapting interneurons (type IV). In type V interneurons, a higher percentage of GAD65 positive cells was detected as well as the presence of CCK mRNA (2 of 5 cells), but no other mRNAs as compared with other interneuron types. Two of seven interneurons of the second (fast-firing) type possessed mRNA of CB and two of Cx36. One of these cells coexpressed CB, PV, Cx36 together with VIP and CCK (Table S2 ). Type III interneurons were CB negative, but 20% of them contained PV mRNA.
D I S C U S S I O N
In the present study, we have performed whole cell patchclamp recordings in GAD67-GFP knock-in mice to identify electrophysiological features typifying GABAergic interneurons in the LA. Hierarchical cluster analysis revealed, and discriminant analysis confirmed, the existence of at least five different types of interneurons in the mouse LA. These five groups were named types I-V. In agreement with previous data (Halabisky et al. 2006; Jasnow et al. 2009; Sosulina et al. 2006) , electrophysiological parameters turned out to be strong and reliable criteria to distinguish between different groups of interneurons. Additionally, single-cell RT-PCR was performed on each single neuron to identify classical molecular markers known to differentiate between subclasses of interneurons (CB, PV, CR, SOM, VIP, and CCK) as well as GAD65 and Cx36.
Comparison of types of GABAergic LA interneurons derived from various schemes
One of the first systematic studies devoted to functional properties of interneurons in the mouse amygdala was performed by the group of Sah (Woodruff and Sah 2007) , who made use of mice expressing EGFP under the control of the parvalbumin promoter to characterize PV-positive interneurons in BLA (Meyer et al. 2002) . PV-positive interneurons were separated into four groups according to their firing pattern, and interneurons of similar groups tended to be mutually connected via chemical or electrical synapses (Woodruff and Sah 2007) . Firing patterns described in PV-positive interneurons (fast-spiking, delayed firing, accommodating, and stuttering) largely matched that found in the more complete population of GABAergic interneurons in the present study, indicating a general principle distinguishing classes of interneurons in LA. Indeed, single-cell RT PCR revealed expression of PV in regular firing (type III), stuttering (type I), and fast-spiking (type II) interneurons. These data also suggest that PV is only expressed in a given subpopulation of LA interneurons and that more than one type of interneurons express PV.
Another study, using a lentiviral vector expressing GFP under the control of the CCK promoter, provided evidence for three types of CCK-positive interneurons in the mouse BLA through unsupervised clustering and discriminant analysis (Jasnow et al. 2009 ). In the present study, mRNA for CCK was detected in subpopulations from all five types of LA interneurons, and their properties partly overlap with those described by Jasnow and colleagues (2009). For instance, type III interneurons of Jasnow et al. (2009) are similar to type V interneurons with respect to high-input resistance, broad action potential, and a depolarizing sag in response to hyperpolarizing current injection. A difference relates to the fAHP, which has been found to be large in CCK-positive type III interneurons (Jasnow et al. 2009 ) but not in type V interneurons of the present study. Type II nonadapting interneurons (Jasnow et al. 2009 ) resemble type IV interneurons in the present study as they fire regularly, at lower frequency, and without pronounced adaptation and possess the smallest input resistance among all types of interneurons. Type I CCK-positive interneurons (Jasnow et al. 2009 ) might be related with type I interneurons described in this paper as both groups of cells expressed pronounced spike frequency adaptation and reduced sag ratio. One of the discrepancies between these two sets of data is the duration of action potential: it was larger in CCK-positive interneurons than in PNs (Jasnow et al. 2009 ) but significantly smaller in comparison to PNs for almost all types of interneurons, except type V, in our study. In general, the available sets of data suggest that CCK is expressed in all types of interneurons and within one type, only a subpopulation is CCKpositive.
Finally, classes of interneurons in the present study have been identified based on unsupervised cluster algorithms, thereby differing from the scheme proposed for cortical GABAergic interneurons (Ascoli et al. 2008) , which is largely based on descriptive electrophysiological features such as firing patterns. This is an important point, because the pattern of electrogenic activity is voltage dependent and therefore should be used with some caution to distinguish between classes of cells. For instance, type I interneurons in the present study displayed a rather variable firing behavior ranging from de- layed to stuttering, which seemingly suggests a heterogeneous population of cells. However, the first two discriminant functions indicated a rather compact population of cells, voting against firing pattern as key parameter for distinction between classes of cells.
Electrophysiologically different interneurons display diverse expression patterns
The results of previous immunochemical studies in rat BLA indicated that at least four distinct subpopulations of interneurons exist based on the expression of molecular markers (Kemppainen and Pitkänen 2000; Mascagni and McDonald 2003; McDonald and Mascagni 2001, 2002) . Nevertheless just sparse immunochemistry data are available for mouse amygdala nuclei (Davila et al. 2008; Real et al. 2009) . Expression pattern of mRNA tested in our study was multiform. The first marker, the GABA-synthesizing enzyme GAD65, has been primarily localized to nerve terminals (for review, see Pinal and Tobin 1998), and its expression correlates with neuronal activity (Patel et al. 2006) . GAD65 mRNA was detectable in roughly 60% of LA interneurons in the present study, varying from 50% in type I and IV to 80% in type III and V. These data are in agreement with results of immunostaining obtained in the cortex of GAD65-GFP mice, where only ϳ50% of GABAimmunopositive cells were GAD65-positive (López-Bendito et al. 2004) . As reported previously in rats, the levels of GAD67 mRNA were greater than the levels of GAD65 mRNA in most brain regions (Esclapez et al. 1994 ). On the other hand, the ratio of mRNAs probably does not always accurately reflect the ratio of the proteins, even more so because a higher amount of GAD65 protein was reported in different brain regions in comparison to GAD67 protein (Sheikh et al. 1999) . Additionally, in mouse cerebellum, cerebral cortex, and hippocampus, the proportion of GAD65 was significantly lower than in the corresponding rat-brain regions (Sheikh et al. 1999 ). This fact confirms that variance in the mRNA expression and presence of functional proteins, as well as interspecies differences, need to be considered.
The second most frequently expressed mRNA was the one for CCK. This finding is in line with mRNA expression level shown in the Allen's Mouse Brain Atlas in situ hybridization database (Lein et al. 2007 ; available from //www.brain-map. org), and the prominent population of CCK-positive interneurons composed of three subclasses found in BLA (Jasnow et al. 2009 ). The ubiquitous expression of CCK in mouse LA interneurons, including PV-positive cells, in the present study and previous findings of CCK immunoreactivity in a subpopulation of GABAergic interneurons devoid of PV in the rat BLA (Mascagni and McDonald 2003) , may be explained by species differences or regulation of expression at the translational level. Interneurons of types I and II were characterized by expression of mRNA for CB, PV, and Cx36. Type II interneurons, representing the prototypical fast-spiking interneurons, showed ϳ30% of CB and Cx36 expression, as well as 15% of PV. Two stuttering interneurons of type I co-expressed CB and PV, indicative of the stuttering PV-positive interneurons described in the rat BLA (Rainnie et al. 2006) . Of six CB-positive interneurons, four cells were PV-positive and three expressed Cx36. These neurons, firing at a high frequency, might correspond to PV-positive electrically coupled interneurons in the BLA (Woodruff and Sah 2007) as suggested by the expression of Cx36. Interestingly, the almost exclusive expression of SOM in type I interneurons suggests that they resemble class III SOM-positive interneurons from the rat amygdala (Sosulina et al. 2006) . Interneurons of type V demonstrated expression of GAD65 mRNA as well as CCK. These cells might represent small CCK-positive interneurons (Jasnow et al. 2009; Mascagni and McDonald 2003) because input resistance for this type of interneurons was higher than for others and was significantly larger than in type IV of interneurons and PNs (P Ͻ 0.05). Concerning the expression of mRNA for VIP, eight positive interneurons were detected in our study. This confirmed previous immunocytochemical study performed in brain slices of mice (Sims et al. 1980) and is in agreement with the moderate staining described in Allen's Mouse Brain Atlas (Lein et al. 2007 ; available from //www.brain-map.org).
Perspectives
Previous studies (Jasnow et al. 2009; Kaneko et al. 2008; Rainnie et al. 2006; Sosulina et al. 2006; Wodruff and Sah 2007) have suggested that electrophysiological properties are reliable markers distinguishing between types of GABAergic interneurons in LA. The present study confirms and extends the previous ones in that it provides electrophysiological data from neurons representing the major part of GABAergic interneurons in LA, uses hierarchical cluster analysis of the electrophysiological parameters for classification of the cells into five different types and confirms the classification scheme by discriminant analysis. The results thereby provide a feasible basis for future functional studies. For instance there is evidence that different types of interneurons target different compartments of PNs. In BLA, PV-immunoreactive interneurons tend to contact the soma or parts of the axon and dendrites close to the somatic region in PNs (Muller et al. 2006; Smith et al. 1998) , whereas SOM immunoreactive interneurons preferentially contact distal dendritic sites (Muller et al. 2007 ). On the input side, PV interneurons receive few if any cortical inputs but are massively innervated by BLA projection cells (McDonald et al. 2005; Smith et al. 2000) , suggesting a prevalent involvement in feedback inhibition. Most fast-spiking interneurons, by comparison, receive convergent monosynaptic inputs from the cortex and thalamus and provide feedforward inhibition to PNs (Szinyei et al. 2000) . Furthermore action potentials in a PVpositive interneuron can drive glutamatergic PNs to threshold by acting on an intermediate interneuron, resulting in both feedforward and -back excitation (Woodruff et al. 2006) . While PV interneurons in BLA tend to form class-specific functional networks (Woodruff and Sah 2006) , GABAergic networks within the paracapsular intercalated cell masses are characterized by functionally heterogeneous connection patterns (Geracitano et al. 2007) . One important task of future studies therefore will be to assign a functional significance to the five types of LA interneurons described in the present study, and to integrate these findings into the known role of GABAergic transmission for controlling amygdaloid functions, for instance during fear generalization (Sangha et al. 2009; Shaban et al. 2006 ) and extinction (Jüngling et al. 2008; Likhtik et al. 2008) or epileptic seizure activity (Fritsch et al. 2009 ).
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